Carbon monoxide (CO) acts as an important gasotransmitter in delivering intramolecular and intermolecular signals to regulate a variety of physiological processes. This lipid-soluble gas can freely pass through the cell membrane and then diffuse to adjacent cells acting as a messenger. Although many fluorescent probes have been reported to detect intracellular CO, it is still a challenge to visualize the release behavior of endogenous CO. The main obstacle is the lack of a probe that can anchor onto the cell membrane while having the ability to image CO in real time. In this work, by grafting a polar head onto a long and linear hydrophobic Nile Red molecule, a cell membrane-anchored fluorophore ANR was developed. This design strategy of a cell membrane-anchored probe is simpler than the traditional one of using a long hydrophobic alkyl chain as a membrane-anchoring group, and endows the probe with better water solubility. ANR could rapidly bind to the cell membrane (within 1 min) and displayed a long retention time. ANR was then converted to a CO-responsive fluorescent probe (ANRP) by complexation with palladium based on a metal palladium-catalyzed reaction. ANRP exhibited a fast response to CO with a 25-fold fluorescence enhancement in vitro. The detection limit was calculated to be 0.23 mM, indicating that ANRP is sensitive enough to image endogenous CO. Notably, ANRP showed excellent cell membrane-anchoring ability. With ANRP, the release of CO from HepG2 cells under LPSand heme-stimulated conditions was visualized and the cell self-protection effect during a drug-induced hepatotoxicity process was also studied. Moreover, ANRP was successfully applied to the detection of intracellular CO in several cell lines and tissues, and the results demonstrated that the liver is the main organ for CO production, and that cancer cells release more CO from their cells than normal cells. ANRP is the first membrane-anchored CO fluorescent probe that has the ability to reveal the relationship between CO release and diseases. It also has prospects for the studying of intercellular signaling functions of CO.
Introduction
Endogenous carbon monoxide (CO), mainly produced by the degradation of heme by heme oxygenase (HO), plays an important role in the regulation of various physiological processes. [1] [2] [3] [4] As a kind of lipid-soluble gas, intracellular CO can freely pass through the cell membrane, then diffuses to adjacent cells acting as a gasotransmitter, 5 and is nally excreted via the lungs. 6, 7 For example, astrocytes employ CO as a messenger that diffuses to myocytes, causing cerebral arteriole dilation.
8 CO functions as a paracrine messenger molecule that causes hyperpolarization of circular smooth muscle cells. 9 And in diabetes, more CO diffuses from cells into the blood, causing elevated levels of exhaled CO. 10 These processes are always altered by pathological factors, such as severe sepsis and inammation. 1, 6 Thus, real-time monitoring of the release of CO from living cells is of great signicance, to study its intercellular signaling functions and some related pathophysiological processes.
With advantages of high sensitivity, fast analysis and nondestructive detection, uorescent imaging techniques have been widely used to analyze and image CO in biological samples. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Among them, a palladium-mediated reactionbased 24 CO uorescent probe was rst reported by Chang 11 and various CO uorescent probes were successively designed by other authors based on this strategy. 17, [19] [20] [21] However, all of these probes fail to locate on the cell membrane. So, it is still a big challenge to visualize in real time the release of CO from living cells, which will help researchers to better understand the release behavior and the intercellular signaling functions of CO.
The cell membrane is the boundary between a living cell and its environment, and many physiological processes including signal transduction and biomolecular transport occur on the cell membrane. 25 Installing a probe on the cell membrane provides the possibility of monitoring the release behavior of CO from living cells in real time. The uorophore, which is highly lipophilic, tends to localize on the cell membrane via interaction with the phospholipid bilayer. 26 In previous work, long hydrophobic alkyl chains were always graed onto the uorophore to help the target probe anchor onto the cell membrane. 25, [27] [28] [29] However, these probes have many drawbacks, such as poor water solubility and a tedious design process. Moreover, just graing a long hydrophobic chain onto the probe cannot guarantee that this probe would anchor well onto the cell membrane. In the design of membrane-anchored probes, another characteristic of the cell membrane which needs to be taken into account is that it contains many negatively charged phosphate groups. Positively charged groups, which can interact with the phosphate groups of the cell membrane, will improve the ability of these uorophores to anchor onto the negative cell membrane.
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Based on this knowledge, a cell membrane-anchored uo-rophore (ANR) was designed by graing a positively charged ammonium group onto a long and linear hydrophobic Nile Red molecule (Scheme 1). The advantageous features of ANR include high sensitivity and two-photon excitation with emission in the near infrared region. The design process was relatively simple, and the cell membrane was specically stained by ANR with a long retention time over 60 min (Fig. S1 †) . Moreover, the complexing of the uorophore with palladium based on a metal palladium-catalyzed reaction offers a convenient way to detect CO. Herein, by complexing ANR with palladium, a novel cell membrane-anchored uorescent probe (ANRP) was designed and synthesized for real-time visualization of the release of CO from living cells (Scheme 1). The experimental results demonstrated that ANRP exhibited high selectivity and sensitivity to CO and could anchor well onto the cell membrane to monitor the release of CO from living cells under LPS-and heme-stimulated conditions. Moreover, ANRP was successfully applied to the detection of intracellular CO in several cell lines. ANRP was also used for imaging CO in liver tissues under twophoton excitation. These results indicated that the liver is the main organ for CO production and that cancer cells release more CO than normal cells.
Results and discussion
Before we attempted to construct a membrane-anchored CO uorescent probe, a cell membrane-anchored uorophore (ANR) was designed. Previous work has revealed that the hydrophobicity of general uorophores assists in achieving desirable probe localization on the cell membrane. 26 And positively charged groups can interact with the phosphate groups of the cell membrane. 30 Thus, we postulate that a hydrophobic uorophore, such as Nile Red, in combination with a positively charged ammonium group might be suitable for the development of cell membrane-anchored uorescent probes. The structure of the carefully modied uorophore (ANR) is shown in Scheme 1. In this molecule, the hydrophobic Nile Red tends to embed into the membrane, and the ammonium group pulls the whole molecule to prevent it from penetrating the cell membrane. The ability of ANR to target the cell membrane was studied in Fig. S1 . † Moreover, when we graed other positively charged groups such as a pyridinium salt or tetraethylammonium onto Nile Red, we were surprised to nd that these two derivatives (AeNR and ApNR) could also stain the cell membrane (Fig. S2 †) . The ability of these compounds to stain the cell membrane may be attributed to their bipolar structure. 31 Our work may provide a convenient method to design a cell membrane-anchored probe. Next, ANR was chosen to construct a CO-responsive uorescent probe (ANRP) by complexation with palladium based on a metal palladiumcatalyzed reaction. Here, AeNR and ApNR are unsuitable for construction of a CO-responsive uorescent probe due to relatively bulky groups at the 3-position of AeNR and ApNR, which make their palladacycle compounds unstable and have relatively strong background uorescence (the data were not given). The synthetic route for ANRP was depicted in Scheme S1, † and the characterization of the new compounds is shown in the ESI. † Electron spin resonance (ESR) spectroscopy (g $ 1.9234) and UV-vis-NIR spectra indicated that ANRP was a paramagnetic compound.
To conrm that ANRP was sensitive to CO, a chemical transformation experiment of ANRP in the presence of CO was performed by uorescence spectroscopy in Dulbecco's phosphate-buffered saline (DPBS) (pH 7.4, DMSO/DPBS ¼ 1 : 19, v/v). In this experiment, CORM-2 was used as the CO donor. As shown in Fig. 1a , ANRP showed very weak uores-cence in the absence of CO, and a gradual increase in uores-cence intensity at 650 nm could be observed aer adding different concentrations of CO ranging from 0 to 100 mM to ANRP solutions. The uorescence intensity of ANRP increased by 25-fold upon reaction with 100 mM CORM-2 for 30 min. A satisfactory linear correlation (R 2 ¼ 0.990) between the uo-rescence intensity and CO concentrations between the range of 5-25 mM was obtained (Fig. 1b) . The detection limit was calculated to be 0.23 mM ($6.4 ppb) for CO (3s/slope), indicating that ANRP is sensitive enough to image endogenous CO in living cells or tissues with a concentration range of 100-500 ppm. The reaction mechanism of ANRP towards CO was studied by mass spectroscopy (Fig. S3 †) and HPLC (Fig. S4 †) . The effect of pH on the reaction was also studied (Fig. S5 †) . In the pH range 4 to 10, the uorescence intensity of ANRP had no obvious change, suggesting that the probe was stable in a wide range of pH values. Aer treatment with 50 mM of CORM-2, the uorescence intensity at 650 nm exhibited a great enhancement in pH 7.4 buffer solution, which displayed the feasibility of using this probe in a physiological environment.
The response curves of ANRP reacting with CO at different concentrations (0, 30, 60, and 100 mM) were examined. Aer treatment with various concentrations of CO, the uorescence intensity of ANRP at 650 nm increased rapidly within 20 minutes, and reached a plateau aer 30 minutes (Fig. 1d) . In the absence of CO, no obvious change in uorescence intensity at 650 nm was observed. These results demonstrated that ANRP is suitable for the rapid detection of CO and tracking the uctu-ation of CO content.
The specicity of a probe always determines whether it can be applied to complex biological systems. Considering this, the selectivity of ANRP to CO in the presence of various potentially interfering species was studied. As shown in Fig. S6 ) had little effect on the uorescence of ANRP, indicating the high specicity of ANRP to CO.
Encouraged by the outstanding performances of ANRP in vitro mentioned above, we next applied ANRP to the detection of CO released from living cells. Before that, a CCK-8 assay was conducted to examine the cytotoxicity of ANRP to HeLa cells. As shown in Fig. S7 , † relatively low cytotoxicity was observed when HeLa cells were cultured with various concentrations of ANRP for 24 h, which means that this probe is suitable for use in biological systems.
Next, we performed colocalization experiments using ANRP, a control probe NR, and a commercialized cell membrane tracker (Dio, a green color) to conrm the rationality of the design of our probe. Aer incubation with 5 mM ANRP for 30 min, the uorescence in the cell membrane was weak. For a good imaging performance, the voltage used in this experiment was relatively higher than that used in other experiments. As shown in Fig. 2a , the red channel overlapped well with the green one, which demonstrated that ANRP can anchor onto the cell membrane well. As far as the control probe NR was concerned, most of the red NR signals appeared in the cells, and had poor overlap with the green Dio signals. These results also revealed the important role of the ammonium group in assisting the localization of ANRP on the cell membrane.
Then, imaging of exogenous CO through the HeLa cell membrane was performed. HeLa cells were cultured with 5 mM ANRP at 37 C for 30 min, and then washed with DPBS three times. Aer that, 20 mM or 30 mM CORM-2 was added and the cells were further cultured for 30 min. As shown in Fig. 2b , the uorescence on the cell membrane was brighter and more continuous than that on the cell membrane of the untreated cells, indicating that ANRP can anchor onto the cell membrane to image the release of CO from living cells. We also applied this cell membrane-anchored probe to monitor the release of endogenous CO from HeLa, HepG2 and HL7702 cells. As shown in Fig. 3a , bright uorescence on the cell membrane was observed in the three cell lines. Moreover, the uorescence on the HepG2 cell membrane was brighter and more homogeneous than that on the HeLa and HL7702 cell membranes, indicating a higher amount of CO on the HepG2 cell membrane. The activation of ANRP was further conrmed by ow cytometry analysis (Fig. 3c) . The results from the HeLa and HepG2 cell lines indicated that the liver is the major organ for CO production. 32 In another aspect, comparing HL7702 cells with HepG2 cells, HO is highly induced in cancer cells, leading to a higher degradation of heme, and resulting in more CO production and release. Real-time imaging of ANRP on the HepG2 cell membrane was further performed. The HepG2 cells were cultured with 5 mM ANRP for 30 min, and then washed with DPBS three times. Aer the treatment, 40 mM CORM-2 was added and the images were taken immediately. As shown in Fig. S8 , † the uorescence intensity of ANRP on the cell membrane increased gradually with increasing time and no obvious uorescence was observed in the other regions of the cells including the cytoplasm when the incubation time reached 100 minutes. The results indicated that no signals diffused into cells and ANRP is suitable for the real-time detection of the extracellular release of CO.
Endogenous CO can be induced by many pathophysiological factors.
1 Using ANRP, the release of CO from HepG2 cells under different conditions was visualized. LPS and heme can both induce the overexpression of HO, 19 which can degrade heme into CO and bilirubin. In this experiment, HepG2 cells were stimulated by 1 mg mL À1 LPS for 24 h or induced by 20 mM heme for 8 h. Then, the HepG2 cells were cultured with 5 mM ANRP at 37 C for 30 min. As shown in Fig. 4a , the uorescence intensity of the pretreated cell membrane was stronger and the continuity was better, which suggested that more CO was released from heme-and LPS-treated HepG2 cells. In order to get more reasonable results, ANRP was rst localized on the cell membrane and then the cells were stimulated by 20 mg mL À1 LPS or 30 mM heme for 4 hours. As shown in Fig. S9 , † aer LPS or heme stimulation, the uorescence intensity on the membrane gradually increased with time, which indicated that ANRP could monitor carbon monoxide release as shown in Scheme 1. In addition, ANR was also used in co-incubation with LPS-pretreated HepG2 cells in order to conrm that LPS did not affect the behaviour of ANRP staining the HepG2 cell membrane (Fig. S10 †) . These results supported the hypothesis that ANRP could truly monitor the uctuation of CO on the cell membrane during pathological or physiological processes. Drug-induced liver injury (DILI) is a serious problem accounting for a substantial proportion of acute hepatitis.
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Acetaminophen (APAP), a pain killer and fever reducer, always causes serious hepatotoxicity. 37 The main by-products of APAP metabolism are reactive radicals, which can lead to cell apoptosis and other acute liver damage. 35 Under oxidative stress, however, cells can avoid these oxidant effects by inducing the expression of HO to degrade heme into CO and bilirubin, which are well known antioxidants. 4 Based on this knowledge, we predicted that more CO might be released from APAPstimulated HepG2 cells to provide cytoprotective effects. As shown in Fig. 4a , the uorescence of the cell membrane of APAP-treated HepG2 cells was stronger than that of the control. To further conrm that the generation of CO was really induced by APAP, zinc protoporphyrin (ZnPP), an inhibitor of HO, was co-cultured with the APAP-treated HepG2 cells. As we can see, a weaker uorescence intensity on the cell membrane was observed compared to APAP-treated HepG2 cells alone, suggesting that the increase of CO on the cell membrane was indeed induced by APAP. These experimental results support previous speculation that more CO is released from HepG2 cells in drug-induced hepatotoxicity processes to provide cytoprotective effects.
Near-infrared probes offer improved tissue penetration depth, and minimize background interference. [38] [39] [40] [41] [42] [43] [44] [45] [46] In this experiment, living organs including the liver, lung, kidneys, spleen and heart were isolated from living mice, and then treated with ANRP for 30 min. As shown in Fig. 5a , the uo-rescence intensity in the liver was stronger than that in the lung, kidneys, spleen and heart, and no obvious background uorescence was observed in untreated liver tissue, which coincided with the cell imaging results and conrmed that the liver was the key organ for CO production.
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Next, two-photon uorescence imaging of ANRP in liver tissue slices was performed. Two-photon uorescent probes have the ability to realize deep tissue imaging and high imaging resolution. [47] [48] [49] [50] [51] [52] [53] [54] [55] Upon two-photon excitation at 780 nm, the uorescence in ANRP-treated liver tissue slices at a depth of 5-90 mm was stronger than that in the PBS treated slices at the same depth (Fig. S11 †) . These results revealed that ANRP can be used for imaging CO in tissues under two-photon excitation.
Finally, the ability of ANRP to detect CO in living mice models was studied. Aer intraperitoneal injection of ANRP (30 mM, 50 mL in DMSO aqueous solution) in living mice, 100 mL of 100 mM CORM-2 was then injected in the same manner. The uorescence signals were collected immediately. As shown in Fig. 5c , the uorescence signal gradually increased with time and reached a plateau at 30 min. These results showed that ANRP is suitable to image CO in living mice.
Conclusions
In this work, by graing a positively charged ammonium group onto hydrophobic Nile Red, a cell membrane-anchored uo-rescent uorophore ANR was developed. The design strategy may hold great promise for developing various cell membraneanchored uorescent probes. ANR can rapidly bind to the cell membrane, and displays a long retention time over 60 min. ANR was further converted to a cell membrane-anchored uorescent probe ANRP by complexation with palladium. This modied probe exhibited high selectivity and sensitivity to CO and could particularly stain the cell membrane. ANRP was used to visualize the release of CO from living cells under LPS-and hemestimulated conditions. With ANRP, we indicated that more CO was released from LPS-or heme-treated living cells. ANRP was further applied in drug-induced hepatotoxicity processes to study cell self-protection effects under oxidative stress by monitoring the release of CO. Using ANRP, we conrmed that the liver is the key organ for CO production, and that more CO is released from cancer cells. This membrane-anchored uores-cent probe may help to reveal the intercellular signaling functions of CO. It also allows for the study of the relationship between CO release and diseases.
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